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ABSTRACT
Heat pumps for water and space heating applications have become more attractive as they support the decarbonization
goals due to their higher efficiency as compared to electric resistance heating. However, heat pump systems are often
restricted to operate within a certain temperature range due to the limits on compression ratio and discharge
temperature. With the aim of improving the operating temperature range of a heat pump system, a new storage heat
pump concept is proposed.
Model of a conventional R134a heat pump water heater (HPWH) system with wrap-around condenser coil is
developed and this conventional system model is then extended to develop the model for a HPWH system operating
on the new storage heat pump cycle. The system model consists of a quasi-steady vapor compression cycle model
linked with a transient water tank CFD model to obtain system performance at various time intervals.
Implementation of the new concept requires a split-condenser design, an energy storage element and the system
operation in two different modes. In Mode I, the ambient air acts as the heat source for the evaporator and the water
inside the tank is heated from a low to intermediate temperature. Then the system operation shifts to Mode II, where
a throttling valve splits the wrap-around coil into condenser and evaporator. Here, the intermediate temperature water
in the lower tank region acts as the heat source and this allows the water in the upper region to reach the required high
temperature. System performance in Mode II will depend on parameters such as split-ratio for wrap-around coil,
compressor speed and the time at which operation is switched between two modes. Modeling results for the system
operating on storage heat pump cycle are presented for a particular combination of these parameters, and compared
with performance of conventional system.

1. INTRODUCTION
1.1 Background and Objectives
Heat pump water heater (HPWH) systems offer significantly higher energy utilization efficiency as compared to
traditional methods like electric or gas water heating. The HPWH system operates on the principle of vapor
compression cycle in which evaporator extracts heat from the surrounding and the water heating is achieved through
the heat rejected by the condenser. The surrounding air acts as heat source while the water being heated up acts as
heat sink for the heat pump system. The maximum allowable temperature difference between the heat source and heat
sink is referred as the operating temperature range of the heat pump system. Exceeding the operating temperature
range will lead to high pressure ratios and discharge temperature that can cause issues such as degradation of lubricant
and reduced heating capacity.
To overcome this limitation, many heat pump systems use a back-up heat source such as an electric heating element.
The additional heat source adds cost and in some cases the heat pump and the backup element cannot be used at the
same time due to limitations in allowable power draw. A new storage heat pump concept aimed at improving the
operating temperature range of the heat pump system is introduced in this paper. Through the storage heat pump cycle,
it is intended to achieve the high temperature lift by first having a temperature lift from low to intermediate temperature
and then from intermediate to high temperature in the second mode. Objective of this study is to develop a model for
a HPWH system operating on the new storage heat pump cycle.
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1.2 Modeling Approach for Heat Pump Water Heater System
HPWH systems are commonly modeled by combining a quasi-steady vapor compression cycle model with a transient
water tank model. Ibrahim et al. (2014) developed a dynamic simulation model for an air source HPWH with immersed
coil condenser to obtain system performance under different climatic conditions. Vapor compression system was
modeled under quasi-steady assumption and the water tank was modeled through a lumped parameter approach. Shen
et al. (2018) developed a quasi-steady HPWH model with wrap-around condenser coil. Water tank was modeled by
diving the tank into several nodes in 1D to consider the temperature stratification in the tank. Deutz et al. (2018) used
the zonal tank model approach in their HPWH model. The zonal water tank model takes into account the thermal and
inertial boundary layer forming along the tank wall when heated by the condenser. Li and Hrnjak (2018) presented an
experimentally validated HPWH model in which the vapor compression system model was linked with a transient
water tank CFD model. The CFD model of the water tank could give accurate estimation of the water side temperature
and flow field inside the water tank.
The linked modeling approach from Li and Hrnjak (2018) has been adopted to model the HPWH system in this study.
Model of a conventional R134a HPWH system with wrap-around condenser coil is developed as a first step to model
the new storage heat pump system. The new system would operate in two different modes. System operation in Mode
I will be same as that of conventional system, whereas in Mode II, the wrap-around coil is split by means of a throttle
valve to use top portion of coil as a condenser and bottom portion as an evaporator. Model for storage heat pump
system is developed by modifying the conventional system model to include system operation in both the modes.

2. SYTEM MODEL DESCRIPTION
2.1 System Description
A schematic of a conventional R134a HPWH system is shown in Figure 1. The system is an air source HPWH
containing a rotary compressor, fin-tube type evaporator, electronic expansion valve (EXV) and a condenser coil
wrapped around the water tank of 50-gallon (189 litres) capacity. System is modeled with tank in the warm-up
condition where water is heated form an initial temperature to a set point temperature without any water draw from
the system. Detailed description of the experimental facility is given in Patel and Elbel (2022).
𝑚ሶ𝑎𝑖𝑟

Accumulator

Evaporator
Compressor
EXV
Water tank

Condenser
coil

Figure 1: Schematic of conventional HPWH system with wrap-around coil
2.2 Vapor Compression System Model
HPWH system model consists of a quasi-steady vapor compression system model linked with a transient water tank
CFD model. The vapor compression system model contains a compressor model, condenser and evaporator models
based on finite volume approach and an expansion valve modeled by isenthalpic process. This model is solved by
using an iteration algorithm based on the Newton Raphson method adopted from Inampudi et al. (2021). Pressure and
enthalpy are taken as connecting variables between the various components and the system model is solved iteratively
until the refrigerant states at connecting points do not need further modification.
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2.3 Compressor Model
For the given refrigerant inlet pressure, inlet enthalpy and outlet pressure, the compressor model uses three variablesvolumetric efficiency, compression efficiency and isentropic efficiency to compute the refrigerant mass flow rate,
discharge enthalpy and the electric power consumed by the compressor.
𝑚ሶ
(1)
𝜂𝑣𝑜𝑙 =
𝜌𝑠𝑢𝑐 ∗ 𝑉𝑑𝑖𝑠𝑝 ∗ (𝑅𝑃𝑀/60)
𝜂𝑐𝑜𝑚𝑝 =

(ℎ𝑐𝑝𝑟𝑜,𝑖𝑠𝑒𝑛 − ℎ𝑐𝑝𝑟𝑖 )
(ℎ𝑐𝑝𝑟𝑜 − ℎ𝑐𝑝𝑟𝑖 )

(2)

𝑚ሶ ∗ (ℎ𝑐𝑝𝑟𝑜,𝑖𝑠𝑒𝑛 − ℎ𝑐𝑝𝑟𝑖 )
(3)
𝑊ሶ𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐
Curve fitting equations that relate efficiencies to the pressure ratio were obtained from experimental data. A linear
curve fitting between efficiencies and pressure ratio was found to give a reasonable result. The mass flow rate,
discharge enthalpy and electric power consumption are obtained by solving the equations (1), (2) and (3) respectively.
𝜂𝑖𝑠𝑒𝑛 =

2.4 Heat Exchanger Model
Heat exchangers in the system are modeled by finite volume approach. The heat exchanger is divided into discrete
elements along the refrigerant flow circuit and the heat transfer and pressure drop in each element is obtained by
applying equations for conservation of energy and momentum. Refrigerant inlet pressure and enthalpy, mass flow rate
and external fluid (air for evaporator and water for condenser) conditions are taken as inputs for the heat exchanger
model. Discrete elements are solved sequentially to obtain the refrigerant enthalpy and pressure at exit of each element
using the equations (4) and (5) respectively. The refrigerant conditions at exit of one element will become the inlet
condition for the subsequent element.
𝑄ሶ𝑒𝑙𝑒𝑚
ℎ𝑜 = ℎ𝑖 ±
(4)
𝑚ሶ
𝑟𝑒𝑓

𝑃𝑜 = 𝑃𝑖 − ∆𝑃𝑒𝑙𝑒𝑚

(5)

The 𝜀 − 𝑁𝑇𝑈 method is used to obtain the heat transfer 𝑄ሶ𝑒𝑙𝑒𝑚 for each element as shown in equation (6). Effectiveness
𝜀 for each element is calculated from equation (7) for external fluid in cross-flow configuration. The effectiveness is
a function of ratio of Capacitance 𝐶𝑟 and NTU which are obtained using equations (8) to (10).
𝑄ሶ𝑒𝑙𝑒𝑚 = 𝜀 ∗ 𝐶𝑚𝑖𝑛 ∗ (𝑇ℎ𝑜𝑡,𝑖𝑛 − 𝑇𝑐𝑜𝑙𝑑,𝑖𝑛 )

(6)

1
𝜀 = 1 − exp (( ) 𝑁𝑇𝑈 0.22 (exp(−𝐶𝑟 𝑁𝑇𝑈 0.78 ) − 1)
𝐶𝑟

(7)

𝐶𝑟 =

𝐶𝑚𝑖𝑛
𝐶𝑚𝑎𝑥

(8)

𝐶𝑚𝑖𝑛 = minimum (𝑚ሶℎ𝑜𝑡 ∗ 𝐶𝑝,ℎ𝑜𝑡 , 𝑚ሶ𝑐𝑜𝑙𝑑 ∗ 𝐶𝑝,𝑐𝑜𝑙𝑑 );𝐶𝑚𝑎𝑥 = maximum (𝑚ሶℎ𝑜𝑡 ∗ 𝐶𝑝,𝑐𝑜𝑙𝑑 , 𝑚ሶ𝑐𝑜𝑙𝑑 ∗ 𝐶𝑝,𝑐𝑜𝑙𝑑 )
𝑈𝐴

𝑁𝑇𝑈 = 𝐶
𝑈𝐴 = (

(9)
(10)

𝑚𝑖𝑛

1
𝛿𝑤𝑎𝑙𝑙
1
+
+
)
𝜂𝑓,ℎ𝑜𝑡 ℎ𝑡𝑐ℎ𝑜𝑡 𝐴ℎ𝑜𝑡 (𝑘𝐴)𝑤𝑎𝑙𝑙 𝜂𝑓,𝑐𝑜𝑙𝑑 ℎ𝑡𝑐𝑐𝑜𝑙𝑑 𝐴𝑐𝑜𝑙𝑑

−1

(11)

The evaluation of the product of overall heat transfer coefficient and area (UA) in equation (11) requires the heat
transfer coefficient for refrigerant and external fluid which are obtained by using appropriate correlations from the
literature. Pressure drop for each element ∆𝑃𝑒𝑙𝑒𝑚 on the refrigerant side is taken equal to sum of frictional pressure
drop and acceleration pressure drop as shown in equation (12). Frictional pressure drop for single phase refrigerant is
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obtained from equation (13) with friction factor 𝑓 calculated through correlations of Churchill (1977). The frictional
pressure drop for two-phase refrigerant is obtained through correlations of Souza et al. (1992). Acceleration pressure
drop is taken equal to zero for the single-phase refrigerant and the acceleration pressure drop for two-phase refrigerant
is obtained as shown in equation (14). The void fraction 𝛼 required to obtain the acceleration pressure drop for twophase refrigerant is obtained from correlations of Rouhani and Axelsson (1970).
∆𝑃𝑒𝑙𝑒𝑚 = ∆𝑃𝑓𝑟 + ∆𝑃𝑎
∆𝑃𝑓𝑟,𝑠𝑖𝑛𝑔𝑙𝑒−𝑝ℎ𝑎𝑠𝑒 =

2
∆𝑃𝑎,𝑡𝑤𝑜−𝑝ℎ𝑎𝑠𝑒 = 𝐺𝑟𝑒𝑓
{[

(12)

2
𝑓 ∗ 𝑑𝑙 ∗ 𝐺𝑟𝑒𝑓
2𝐷ℎ 𝜌𝑟𝑒𝑓

(13)

(1 − 𝑥𝑜 )2
(1 − 𝑥𝑖 )2
𝑥𝑜2
𝑥𝑖2
+
]−[
+
]}
𝜌𝑣 𝛼𝑜 𝜌𝑙 (1 − 𝛼𝑜 )
𝜌𝑣 𝛼𝑖 𝜌𝑙 (1 − 𝛼𝑖 )

(14)

2.5 Evaporator Model
HPWH system contains a fin-tube type of evaporator with air flow in cross flow driven by a fan attached at the back
of coil. The air side heat transfer coefficient is evaluated using the correlation given by Wang et al. (2009). The
refrigerant side single-phase heat transfer coefficient is calculated by the correlation from Gnielinski (1976). The twophase heat transfer coefficient in the evaporator is evaluated by correlations of Wattelet et al. (1994), which consider
the effect of both nucleate and convective boiling components of the heat transfer coefficient. The evaporator model
also considers the possible dehumidification of air and can obtain the heat transfer for wetted surface condition.

2.6 Condenser Model
HPWH system contains a condenser coil wrapped around the tank in several turns. Heat transfer occurs from the
refrigerant flowing through the tube to the water contained in the tank. A schematic of water tank with wrap-around
condenser coil is shown in the Figure 2. The condenser is modeled by discretizing each coil turn into equal number of
elements along the length of the tube. Figure 3 shows one such element along with the thermal resistance circuit. Each
element would contain a segment of tube length in contact with a portion of tank wall of the same length and with
height equal to the pitch of the coil turn. Condenser coil modeling approach is taken from Li and Hrnjak (2018).
𝑑𝑡
Water flow
due to natural
convection

ℎ𝑡

𝑡ℎ

𝑖 coil
turn pitch

Figure 2: Water tank with
wrap-around condenser coil

𝑖𝑡ℎ coil turn pitch

Q

𝑇𝑟𝑒𝑓
Refrigerant
flow
through

𝑅𝑤𝑎𝑙𝑙

𝑅𝑟𝑒𝑓
−1

UA = (𝜂𝑓,𝑟𝑒𝑓 ℎ𝑟𝑒𝑓 𝐴𝑟𝑒𝑓 )

Figure 3: Single element of
condenser model

𝑇𝑤𝑎𝑡𝑒𝑟

𝛿𝑤𝑎𝑙𝑙

+ (𝑘𝐴)

𝑅𝑤𝑎𝑡𝑒𝑟
−1

+ (𝜂𝑓,𝑤 ℎ𝑤 𝐴𝑤 )

𝑤𝑎𝑙𝑙

Figure 4: Heat transfer
resistances for the single element

The heat transfer coefficient for single phase refrigerant is determined using correlation from Gnielinski (1976), while
the flow pattern-based correlations of Dobson and Chato (1998) are used for two-phase refrigerant. Since there is no
water draw from the tank, the motion of water inside the tank is driven only by natural convection. Water tank CFD
model gives the water side temperature and local heat transfer coefficient required in calculating the elemental heat
transfer value 𝑄ሶ𝑒𝑙𝑒𝑚 .
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2.7 Water Tank CFD Model
A transient water tank CFD model is developed in ANSYS Fluent. The three-dimensional cylindrical water tank is
simplified to a two-dimensional axis-symmetric model by assuming the heat flux from each coil turn to be uniform in
the circumferential direction. Each turn of the condenser coil is represented by a line segment (of the length equal to
the pitch of coil turn) at the tank wall. The heat flux from each coil turn is implemented as a time varying boundary
condition by using User Defined Functions in Fluent. The natural convection of water is modeled by computing the
density based on Boussinesq approximation. Laminar flow model is selected for the simulation. SIMPLE scheme is
selected for the pressure velocity coupling.
Condenser coil in form of discrete heat sources at tank wall
Tank
bottom

Tank
top
Centerline (axis-symmetric boundary)

Gravity

Figure 5: Geometry and Mesh for water tank CFD model
2.8 HPWH System Model Solving Procedure
The system model consists of a quasi-steady vapor compression model linked with a transient water tank CFD model
using the linked modeling approach of Li and Hrnjak (2018) as shown in Figure 7. Starting from a guess value of heat
flux profile q’’(n,t) (here n is the coil turn number and t is time) at the tank wall, the CFD model is solved for the full
water heating period. The resulting water side temperature and heat transfer coefficient are used as inputs for the vapor
compression system model which is then run at various time instances to obtain the new temporal heat flux profile.
The water tank model is run again with the new heat flux profile as input and the iterations continue until convergence
in heat flux profile through tank wall is obtained. Due to the slow nature of heating process the vapor compression
system is modeled by a quasi-steady assumption. Figure 6 shows iteration algorithm based on Newton Raphson
method from Inampudi et al. (2021) that is used for vapor compression system model. The vapor compression system
model takes the air side mass flow rate and temperature (for the fin-tube evaporator), water side temperature and heat
transfer coefficient (for the wrap-around coil condenser), compressor RPM, superheat and subcooling as inputs.
Start with input parameters: 𝑇𝑎𝑖𝑟 ,𝑚ሶ𝑎𝑖𝑟 ,
𝑅𝐻𝑎𝑖𝑟 , 𝑇𝑤𝑎𝑡𝑒𝑟 , ℎ𝑡𝑐𝑤𝑎𝑡𝑒𝑟 , SH, SC, RPM
Guess 𝑃𝑐𝑝𝑟𝑖 , 𝑃𝑐𝑝𝑟𝑜 , 𝑃𝑒𝑟𝑖

Update Pcpro

Compressor
Condenser

𝑆𝐶𝑐𝑟𝑜 − 𝑆𝐶 < 𝜀1
Update Pcpri
Update Peri

Guessed heat flux profile q’’(n,t) at
tank wall
Run transient CFD over full heating time
(Obtain water side local heat transfer
coefficient htc(n,t) and temp. T(n,t))

Run vapor compression cycle model at
various time instances
(Obtain new heat flux profile q’’(n,t))

Expansion Valve
𝑞′′(𝑛, 𝑡)𝑖 – 𝑞′′(𝑛, 𝑡)𝑖−1 < 𝜀
Evaporator
𝑆𝐻𝑒𝑟𝑜 − 𝑆H < 𝜀2

End linked simulation

𝑃𝑒𝑟𝑜 –𝑃𝑐𝑝𝑟𝑖 < 𝜀3

Figure 7: Linked modeling algorithm

i = i+1

Update
q’’(n,t) in
CFD

Outputs:𝑄ሶ𝑐 , 𝑊ሶ𝑐𝑜𝑚𝑝 , HPF, etc.
Figure 6: Algorithm for solving vapor compression system model
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3. NEW STORAGE HEAT PUMP CONCEPT

condenser

water tank
compressor

P

Pressure ratio
too high,
compressor
stops

Fan

𝑇𝑤𝑎𝑡𝑒𝑟

The conventional HPWH system uses ambient air as heat source for the evaporator and water in the tank is heated by
the heat rejection from condenser coil. As the water contained in the tank heats up, it increases the condensing pressure
leading to a high pressure ratio and discharge temperature for the vapor compression cycle. A layout of the
conventional HPWH system is shown in Figure 8. The schematic also shows how temperature stratification occurs in
the water tank due to the condenser inlet near the top of the tank. The trends of condensing and evaporating pressure
of vapor compression system during the warm-up period are shown in Figure 9a and the trends for water temperature
in top region and bottom region are shown in Figure 9b. If the pressure ratio becomes too high the compressor has to
be cycled off to avoid high discharge temperature and the targeted water temperature is not reached.
𝑇𝑤𝑎𝑡𝑒𝑟,𝑡𝑎𝑟𝑔𝑒𝑡

Target
temperature
could not be
reached

𝑃𝑒𝑣𝑎𝑝
throttle

evaporator

Time

(a)

(b)

Time

Figure 9: Trends for a) refrigerant saturation pressure
and b) water tank temperature profiles

Figure 8: Layout of conventional
vapor compression HPWH

The new storage heat pump concept is aimed at improving the operating temperature range of heat pump system so
that the desired hot water temperature can be reached without the need of a back-up heat source. The new cycle
involves system operation in two different modes in order to achieve the high temperature lift. In Mode I, the water is
heated from a low to intermediate temperature. The system operation is same as that of the conventional system in
which air acts as heat source and the full length of wrap-around coil is used as condenser. Then the system operation
switches to Mode II, in which the wrap-around coil is split by means of a throttle valve to use top portion of coil as
condenser and the bottom portion as evaporator. The fan attached to the fin-tube heat exchanger is kept off so that the
heat exchanger is unused in this mode. In Mode II the intermediate temperature water present in lower region of tank
would act as heat source for the evaporator. This increases the evaporating pressure and reduces the pressure ratio
which allows the system to continue the operation until system reaches the target water temperature at the top.

Mode I

open
fan ON
evaporator
(a)

throttle

condenser

water tank

compressor

condenser

compressor

water tank

Mode II

throttle
evaporator

fan off, HX w/o function
(b)

open

Figure 10: Layout of the new storage HPWH system when operating in a) Mode I and b) Mode II

3.1 Model of HPWH System Operating on the New Storage Heat Pump Cycle
HPWH system operating on the new storage heat pump cycle would require a split-condenser design and system
operation in two modes. A model of new HPWH system is developed with the vapor compression system modeled
under the quasi-steady assumption through iteration algorithm shown in Figure 6 and the water tank modeled using a
lumped parameter approach. Vapor compression system model will use a fin-tube evaporator in Mode I while using a
wrap-around coil type evaporator and in Mode II. Water contained in the tank is assumed to have uniform temperature
and is updated with time as 𝑑𝑇𝑤 /𝑑𝑡 = 𝑄ሶ𝑐𝑜𝑛𝑑 /(𝑚𝑤𝑎𝑡𝑒𝑟,𝑡𝑜𝑡𝑎𝑙 ∗ 𝐶𝑣 ) in Mode I. During the system operation in Mode II,
water contained in the lower portion of the tank (up to the height at which the coil is split) would be cooled due to
heat extraction by the evaporator while the water in remaining part of tank would continue to heat up by the heat
19th International Refrigeration and Air Conditioning Conference at Purdue, July 10 - 14, 2022
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rejection from the condenser. Water temperature in top and bottom portion of tank are updated as 𝑑𝑇𝑤,𝑡𝑜𝑝 /𝑑𝑡 =
𝑄ሶ𝑐𝑜𝑛𝑑 /𝑚𝑤,𝑡𝑜𝑝 ∗ 𝐶𝑣 and 𝑑𝑇𝑤,𝑏𝑜𝑡𝑡𝑜𝑚 /𝑑𝑡 = 𝑄ሶ𝑒𝑣𝑎𝑝 /𝑚𝑤,𝑏𝑜𝑡𝑡𝑜𝑚 ∗ 𝐶𝑣 . Correlations given by Shah (2000) are used to
calculate the local heat transfer coefficient for natural convention of water at the tank wall. Water tank is modeled
according to this assumption only to get an initial understanding of the performance of vapor compression system
when operating on new cycle. Finally, a water tank CFD model is to be developed for the new system and linked with
vapor compression system model by following the same approach as that of the conventional system model.

4. RESULTS AND DISCUSSION
4.1 Modeling and Experimental Results for Conventional System

Predicted
Measured

𝑄ሶ 𝑐𝑜𝑛𝑑
𝑄ሶ 𝑒𝑣𝑎𝑝
𝐻𝑃𝐹

𝑊ሶ 𝑐𝑜𝑚𝑝
0

60

120

10
9
8
7
6
5
4
3
2
1
0

180

Pressure (kPa)

2.2
2.0
1.8
1.6
1.4
1.2
1.0
0.8
0.6
0.4
0.2
0.0

HPF

Capacity,Compressor Power [kW]

Modeling results were obtained for conventional HPWH system under the following operating conditions: Superheat
and Subcooling at 10℃, 𝑇𝑤𝑎𝑡𝑒𝑟,𝑠𝑡𝑎𝑟𝑡 = 25℃, 𝑇𝑎𝑚𝑏𝑖𝑒𝑛𝑡 = 27℃ (constant with time), Run time = 180 minutes. The
results are compared with experimental data obtained from HPWH system described in Patel and Elbel (2022) under
the same operating conditions. Figure 11 shows the comparison between predicted (from model) and measured (from
experiment) capacities of condenser and evaporator, compressor power consumption and Heating Performance Factor
(HPF = 𝑄ሶ𝑐𝑜𝑛𝑑 /𝑊ሶ𝑐𝑜𝑚𝑝 ) for the system. Model captures the reduction in heating capacity and HPF with time caused by
the increasing temperature difference between heat source (ambient air) and heat sink (water contained in tank).
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Figure 11: Heat exchanger capacities, compressor
power and system HPF variation with time
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Figure 12: Pressure vs enthalpy plot for the vapor
compression system at different time instants

The P-h plot for the vapor compression system at different time instances during the run time is shown in Figure 12.
The condensing pressure increases with time as the water contained in the tank heats up. The pressure ratio for the
compressor keeps increasing due to this increase in condensing pressure while the evaporating pressure remains almost
constant (as the ambient temperature is constant). It is observed that model overpredicts the condensing pressure as
compared to experimental data. This can be due to the model underestimating the condenser area. Figure 13 shows
the variation in bulk water temperature with vertical position in the tank at different time instances. Temperature
contours obtained from the water tank CFD showed that at any vertical position, the water temperature remains almost
uniform in the radial direction other than within a boundary layer region near the tank wall.
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Figure 13: Water temperature in the tank (total height 1.1m) at various time instances
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4.2 Modeling Results for the New Storage Heat Pump System
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Figure 14 shows the P-h plots of a HPWH system operating on the new storage heat pump cycle for a total system run
time of 240 minutes and with the system switching operation from Mode I to Mode II at 180 minutes. The wraparound coil is split in the ratio of 3:7 (bottom 3 turns of coil used as evaporator and the top 7 turns used as condenser)
during system operation in Mode II. Compressor speed in Mode II is taken as 1/3rd of the compressor speed in Mode
I. The compressor speed had to be reduced in Mode II to match the compressor capacity with smaller size of heat
exchangers in Mode II as compared to Mode I. If the compressor speed is kept same then the compressor would be
oversized and would lead to large pressure ratio for the system. Operating conditions were taken as: Superheat and
Subcooling at 5℃, 𝑇𝑤𝑎𝑡𝑒𝑟,𝑠𝑡𝑎𝑟𝑡 = 25℃, 𝑇𝑎𝑚𝑏𝑖𝑒𝑛𝑡 = 27℃. Figure 15 shows the P-h plots at different time instances
for a conventional HPWH system under the same operating conditions.

T=120 min
T=180 min
T=200 min
T=220 min
T=240 min

200

550

Enthalpy [kJ/kg]

250

300

350

400

450

500

550

Enthalpy [kJ/kg]
Figure 15: Pressure vs Enthalpy plot for
the conventional HPWH system

Figure 14: Pressure vs Enthalpy plot for HPWH
system operating on new the storage heat pump cycle
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Capacity, Compressor Power [kW]

Figure 14 shows the lift in evaporating pressure achieved upon switching to Mode II at t=180min. This is because
the evaporator in Mode II will use the water contained in the bottom region of the tank as the heat source. The water
contained in the tank (heat source in Mode II) would be at a higher temperature than the ambient air (heat source in
Mode I) as the water temperature was elevated during system operation in Mode I. This enables the system to
maintain a lower pressure ratio and discharge temperature as compared to the conventional system. As system
operates in Mode II, evaporating pressure continues to drop due to lowering of water temperature in bottom section
by heat extraction from evaporator. Plots of discharge temperature and pressure ratio for the new system and
conventional system are shown in Figure 16. Capacity of the heat exchangers and compressor power consumption
for the system are shown in Figure 17. The capacity for new system operating in Mode II is lower due to the reduction
in size of heat exchangers and compressor speed.
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Figure 17: 𝑄ሶ𝑐𝑜𝑛𝑑 , 𝑄ሶ𝑒𝑣𝑎𝑝 and 𝑊ሶ𝑐𝑜𝑚𝑝 vs Time
for new system and the conventional system
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Figure 19: Water tank modeled according to
lumped parameter approach for the storage heat
pump system model in a) Mode I and b) Mode 2

Figure 18 shows the change in water temperature with time for the conventional and new system. The water tank is
modeled with the assumption of uniform water temperature (neglecting temperature stratification). Water
temperature is assumed uniform throughout the tank height for conventional system and for new system in Mode I.
When operating in Mode II for the new system, the water temperature in bottom (from bottom of tank to height at
which the coil is split) and top sections is assumed to be uniform within the section but is taken different for both the
sections. For the present case, the height of bottom tank section was about 1/5th of the total tank height. The effect of
conduction between the water in top and bottom sections is also neglected. To get a more accurate prediction of water
side conditions under the effect of conduction and natural convection, a water tank CFD model is to be developed
and linked with the vapor compression system model for the storage heat pump system. The experimental validation
for the new system model will also be done by modifying the existing experimental facility to implement the splitcondenser design and system operation in two modes.

5. CONCLUSIONS
Model of conventional HPWH system has been developed using the linked modeling approach and compared with
experimental data. A new storage heat pump cycle aimed at improving the operating temperature range is presented
along with a system model. Performance of conventional system is compared with the new system and it was obtained
that the new system can maintain a lower pressure ratio and discharge temperature by switching the operation in Mode
II. New concept is intended to enable the HPWH system in reaching the high water end temperatures that could
otherwise not be attained for a conventional system due to the compressor being cut off to prevent high pressure ratios.
Overall performance of storage heat pump system will depend on time at which system switches from Mode I to II,
split-ratio for wrap-around coil and compressor speed in Mode II. The developed model will be used to estimate
system performance for the different scenarios and then determine a suitable control strategy for the new system.

Nomenclature
Symbols
A
C
Cr
C𝑣
Dh
dt
dl
f
G
h
ht
htc

heat transfer area [m2]
heat capacity rate [W/K]
heat capacity ratio, 𝐶𝑚𝑖𝑛 /𝐶𝑚𝑎𝑥 [-]
specific heat capacity [kJ/kg-K]
hydraulic diameter [m]
tank diameter [m]
length of element in refrigerant low direction [m]
friction factor [-]
mass flux [kg/s m2]
specific enthalpy [kJ/kg]
tank height [m]
heat transfer coefficient [W/m2K]

Greek
𝜀
𝜂
𝜌
Δ
𝛿
𝛼

error [-]
efficiency [-]
density [kg/m3]
difference [-]
wall thickness [m]
void fraction [-]

Subscripts
a
comp
cond

acceleration
compressor
condenser
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mass flow rate [kg/s]
thermal conductivity [W/m-K]
pressure [kPa]
heat transfer rate/heat exchanger capacity [kW]
heat flux [W/m2]
thermal resistance [℃/W]
rotations per minute
power [kW]
subcooling [°C]
superheat [°C]
temperature [°C]
overall heat transfer coefficient [W/m2K]
volume [m3]
vapor quality [-]

mሶ
k
P
Qሶ
q′′
R
RPM
Wሶ
SC
SH
T
U
V
x

cpri
cpro
cro
disp
dis
elem
eri
ero
evap
f
fr
i
isen
l
o
suc
ref
v
vol
w

compressor inlet
compressor outlet
condenser outlet
displacement
discharge
element
evaporator inlet
evaporator outlet
evaporator
fin efficiency
frictional
inlet
isentropic
liquid
outlet
suction
refrigerant
vapour
volumetric
water
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